The four-body dissociative photodetachment (DPD) dynamics of O 2 8 were studied using photoelectron photofragment coincidence (PPC) spectroscopy. All four neutral photofragments were measured in coincidence with the photodetached electron, yielding a five-body kinematically complete experiment. Velocity and angular correlations for DPD of O implying that the additional solvating O 2 molecules act essentially as spectators, but exhibit inequivalent kinematic behavior implying asymmetric solvation. DOI: 10.1103/PhysRevLett.89.033005 PACS numbers: 33.80.Gj, 33.80.Eh, 34.50. -s, 36.40. -c In recent years, there has been an increase in both theoretical and experimental studies of many-body dynamics. This is a result of increased computational power available to model the multidimensional potential surfaces of many-body systems as well as the advent of new experimental methods for detecting multiple particles in coincidence during a many-body breakup. At the chemical level (as opposed to the subatomic particle level), the study of three-body processes has dominated the many-body literature. Reviews of three-body dissociation dynamics from many atom systems [1] and coincidence techniques which can be used to study three-body breakups [2] have appeared in recent literature. As a natural progression from three-body dynamics, studies of four-body systems have emerged. Experiments such as the double ionization of helium by electron impact followed by detection of two electrons and the He 12 fragment, or ͑e, 3e͒ reactions, represent some of the first work on a chemical level four-body dynamics [3 -5]. Owing to the difficulty of multibody detection, in these experiments as in many previous three-body experiments, all but one particle is detected, and the energy of the remaining particle is determined by knowledge of the identity of the fragments coupled with conservation of momentum. More recently, Müller and co-workers have built a multiple fragment coincidence spectrometer and developed data analysis algorithms which can distinguish between two-, three-, and four-body dissociation, although only three-body dissociations have been reported until now [6, 7] .
In recent years, there has been an increase in both theoretical and experimental studies of many-body dynamics. This is a result of increased computational power available to model the multidimensional potential surfaces of many-body systems as well as the advent of new experimental methods for detecting multiple particles in coincidence during a many-body breakup. At the chemical level (as opposed to the subatomic particle level), the study of three-body processes has dominated the many-body literature. Reviews of three-body dissociation dynamics from many atom systems [1] and coincidence techniques which can be used to study three-body breakups [2] have appeared in recent literature. As a natural progression from three-body dynamics, studies of four-body systems have emerged. Experiments such as the double ionization of helium by electron impact followed by detection of two electrons and the He 12 fragment, or ͑e, 3e͒ reactions, represent some of the first work on a chemical level four-body dynamics [3 -5] . Owing to the difficulty of multibody detection, in these experiments as in many previous three-body experiments, all but one particle is detected, and the energy of the remaining particle is determined by knowledge of the identity of the fragments coupled with conservation of momentum. More recently, Müller and co-workers have built a multiple fragment coincidence spectrometer and developed data analysis algorithms which can distinguish between two-, three-, and four-body dissociation, although only three-body dissociations have been reported until now [6, 7] .
In this Letter, results from experiments employing photoelectron photofragment coincidence (PPC) spectroscopy on the four-body dissociative photodetachment (DPD) of O 2 8 are reported. PPC spectroscopy allows for detection of all four neutral O 2 fragments that arise from DPD of O 2 8 in coincidence with the photodetached electron, providing a kinematically complete five-body experiment. From these experiments, insight into the energetics and four-body dissociation dynamics of the O 8 neutral is obtained.
Previous experimental investigations on the homogeneous cluster ions ͑O 2 ͒ 2 n include mass spectroscopy [8] , photoelectron spectroscopy [9] [10] [11] , matrix isolation [12] , and PPC spectroscopy [13] [14] [15] [15] . The PPC spectrometer employed for these studies has been described in detail elsewhere and will only be briefly reviewed here [17] . Cold anions are made in a pulsed Recoiling neutral fragments travel over a 104 cm flight path and impinge on a microchannel plate assembly. The electron cloud produced by this assembly is detected by a four-quadrant time-and position-sensitive delay line detector, where each quadrant is capable of detecting up to two particles per dissociation event as long as they are separated by 10 ns. Thus, given the correct dissociation kinematics, four neutral particles can be detected for a single dissociation event. Generally, events with a lower kinetic energy release (E T ) will be discriminated against more than events with a high E T since these events spread out on the detector face and can overcome the 10 ns dead time. Despite this kinematically complete detection of the neutral particles, the four-body mass equations cannot always be solved exactly since many different mass combinations can lead to the same momentum partitioning. For example, if two fragments recoil along the x axis and two fragments recoil along the y axis, the mass ratio between the two sets of fragments cannot be determined. As a result, in the current calculations all photofragments from DPD of O 2 8 are assigned mass 32 amu, corresponding to dissociation to four O 2 molecules. At this photon energy, this is the only energetically available pathway for this system. Subtracting the electron affinity of O 2 (0.451 eV) [18] [19] and is not accessible at this wavelength. Once the masses are assigned, momenta and E T are easily calculated from the time and position of arrival for each photofragment. For the two-body photodissociation of O 2 2 , this detector has been shown to have a resolution of ϳ10% DE͞E at 0.7 eV.
Each analyzed event is required to consist of four neutral photofragments and a single electron. The number of neutral particles analyzed was selected by gating on the total charge observed from the microchannel plates, which is well-resolved for one, two, three, and four neutral particles. In order to reduce false coincidences, conservation of momentum is checked for each event. The false coincidence rate for these experiments derives from the detector efficiency and the count rate, and is calculated in a similar manner as done previously for three-body experiments [17] . A false coincident rate of approximately 8% is obtained for an event rate of 0.08 dissociations per laser shot. Figure 1 shows the photoelectron-photofragment correlation spectrum, N͑E T , eKE͒ for DPD of O 2 8 at 258 nm. This figure represents a two-dimensional histogram of the correlated E T and eKE for each dissociation event. The one-dimensional E T and eKE spectra are generated by integrating the correlation spectrum over the complementary variable. As seen by Johnson and co-workers at 355 nm, the photoelectron spectrum of O 2 8 is broad and shows no vibrational resolution [10] . Through conservation of en-
ergy, a diagonal line can be drawn, labeled as A, representing the maximum energy available for translation in the photoproducts. The placement of this line at 3.61 eV is given by the energetic limitations mentioned above. Energetic limits for dissociation channels yielding one or more O 2 products in the a 1 D g or b 1 S 1 g excited electronic states are also shown in Fig. 1 .
The N͑E T , eKE͒ spectrum and the corresponding N ͑E T ͒ and N͑eKE͒ spectra for O 4 implies that the lack of diagonal features is a result of rotational excitation among the four O 2 products.
P H Y S I C A L R E V I E W L E T T E R S
The effect of the two solvating O 2 molecules on the dissociation dynamics can be probed through examination of velocity and angular correlations between the dissociating fragments. Figure 2 shows the three-body molecular frame differential cross sections (MF-DCS) for the dissociation of O 8 . These types of figures have previously been used to examine the dissociation dynamics of three-body systems, such as O 2 6 (Ref. [15] ) and O 2 ͑H 2 O͒ 2 (Ref. [20] ). The plots are constructed by projecting the velocity vectors for each dissociation event onto the same plane, on an event-by-event basis. In the case of a four-body dissociation, the three vectors do not necessarily lie in a plane, although the planarity assumption holds well for any three fragments from DPD of O 8 due to the small velocities of the slowest two particles. One particle is chosen as a reference particle, and its velocity distribution is plotted along the x axis. The velocity of the second particle is then plotted on the lower half of the plot, relative to the reference particle. The velocity of the third particle is plotted similarly on the upper half of the plot. In the case of O 8 , where four photofragments are produced with the same mass, the relative velocity of each of the fragments is used as the sorting criteria for each event. Given the dynamics of O 8 , where two fragments recoil with moderate kinetic energy, and two fragments recoil with low kinetic energy, this velocity sorting method at least allows for comparison of the 8 . The velocity of the reference particles is plotted along the x axis and the velocity of two other particles is plotted relative to the reference particle, as discussed in the text. The labels fastest, second fastest, third fastest, and slowest indicate the relative velocity of each fragment sorted on an event-by-event basis. In frame (C), the upper half of the plot was scaled by a factor of 10 to make the contours visible. velocity and angular distributions between the fastest and the slowest sets of fragments. Although the MF-DCS gives only velocity and angular correlations for three particles at once, insight into the four-body dynamics can be obtained by examining a series of these plots with different reference particles. Thus Fig. 2 shows four MF-DCSs for O 8 , each plot employing a different velocity-sorted fragment as the reference particle.
The MF-DCS plots for O 8 show the dominance of two fast particles during the dissociation. Figure 2(A) shows the velocity correlation for the fastest three fragments, and resembles the MF-DCS seen for O 6 at 258 nm where the two fastest fragments recoiled at nearly 180 ± , and the slowest fragment carried very little momentum [15] . As in the case of DPD of O 2 6 at 258 nm, the fastest particles exhibit two peaks in the velocity distribution. The lower velocity peak along the x axis is a result of dissociation to all ground state products, 4O 2 ͑X 3 S 2 g ͒ 1 e 2 , and the higher velocity peak corresponds to production of electronically excited oxygen fragments, Figure 2 (B) shows that the two slowest fragments recoil with a wide range of angles relative to the second fastest fragment. In Fig. 2(C) , the two slowest fragments are seen to recoil slightly backwards relative to one another, although the small recoil velocities of these two particles make angular determinations more difficult. Figure 2(D) indicates that the two fastest particles recoil with a broad distribution of angles relative to the slowest particle. The maxima of the contours of the faster particles occur at ϳ15 ± 20 ± from perpendicular to the recoil of the slowest particle. Figure 3 shows a direct comparison between the momenta of the fastest, second fastest, and slowest fragments from DPD of O core. This type of asymmetric solvation has been seen in I 2 2 ͑CO 2 ͒ n clusters [21] and results from a slight polarization of the anionic core by the first solvated molecule(s). Also notable in this figure is the higher-momentum tail on the third fastest O 2 fragment, and the inequivalent peak position and shape for the two slowest O 2 fragments from O 2 8 DPD. The difference in momentum distributions for the two fragments is consistent with a structural inequivalence in the nascent neutral complex.
This data is interpreted with a model very similar to that proposed for O . Dissociation releases most of the available E T to two of the O 2 fragments, and the remaining two O 2 fragments act as spectators during the dissociation. Acquisition of four-body dissociation data on larger molecular clusters provides further insight into the transition from gas-phase to condensed-phase dynamics and represents a new and exciting area for experimental and theoretical investigation.
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